ABSTRACT By considering the exclusion characteristics of foreign objects in a new intake system with a bypass duct for turboprop engines, two kinds of common rigid foreign objects, the grains, and metal pieces, are modeled based on airworthiness standards and reference reports. On the assumption that only a perfect elastic collision occurs without any structural damage to the objects or intake walls, a numerical method based on single high-fidelity computational fluid dynamics (CFD) and dynamic unstructured mesh techniques to simulate the 6DOF motion and impacts of the rigid foreign objects is presented. A practical used intake system with a bypass duct is employed to validate the method. According to the tolerance size of the intake, two spherical grains with the radius of 0.037 m and 0.0555 m and a regular hexahedron aluminum metal piece with the dimension of 0.20 m×0.11 m×0.01 m are built to test the exclusion ability of the intake and analyze their effects on the intake performance. The simulation results indicate that, in the cases of a symmetrical flow field, geometry, and initial states, all the rigid foreign objects will move in the intake without lateral motions. The spherical grains without an initial angular velocity only translate in the intake, and the small one finally enters into the bypass duct after four impacts, while the larger one flies into the inner part of the engine after six impacts. The larger grain can lead to a more apparent loss on the intake performance due to the greater shielding effect on the flow field, and the maximum decrements of the total pressure recovery coefficient and mass flow can reach to 2% and 4.1%, respectively; the total pressure distortion rate increases 116%. A coupled motion of translation and rotation occurs for the regular hexahedron aluminum piece, and after four impacts on the intake, it finally excludes to the outer space of the nacelles from the bypass duct. Compared to the spherical grains, the aluminum piece has more significant actions on the intake performance. The maximum losses of the total pressure recovery coefficient and mass flow can be 2.3% and 1.54%, respectively, while the distortion rate increases 518%. Although the numerical method in this study is simple and ideal, it can help researchers to obtain quick and effective evaluation results in the initial design stage of the new intake system with a bypass duct for the turboprop engine to improve the design efficiency and level.
I. INTRODUCTION
The turboprop aircraft is one of the most widely used flight vehicles in the civil transportation field due to its good economy, safety, comfort and environmental protection with a turboprop engine. At present, more than 5000 turboprop The turboprop aircraft can take off and land on the standard cement runway, as well as the soil runways, sand runways, grassland, ice and snow runways, mainly because of the benefits derived from the low speed and short distance takeoff and landing process. This requires a high tolerance for foreign objects generated from the runways in aircraft equipped with turboprop engines. Once the foreign objects are fired into the intake, fateful consequences may be involved that affect the engine and even the whole aircraft [5] - [7] as follows.
(1) The mixture of the inlet flow and foreign objects may lead to lower flow quality, and severe shielding to the inlet flow can be caused by some foreign objects with larger sizes; thus, two parameters of the intake, the total pressure recovery coefficient and the total pressure distortion rate, may be heavily changed. (2) With the action of the flow, the positions and attitudes of the foreign objects in the intake will unsteadily change over time, and structural damage or deformation can be easily caused by the frequent impacts between the foreign objects and the walls of the narrow duct system. (3) If the foreign objects cannot be excluded and enter the internal part of the turboprop engine, possible damage to the compressor blade may lead to an engine surge or shutdown, which will seriously threaten the flight safety. To address this problem, in recent years, a new form of engine intake system with a bypass duct has been applied in some advanced turboprop aircrafts, and the main purpose of the bypass duct is to exclude foreign objects with a large size that the engine cannot swallow to ensure the performance and safety of the engine intake.
Although the new intake form with the bypass duct was applied in several turboprop aircrafts, the fluid mechanism is still unclear because of the exceptionally complicated duct system, and the maneuverable attribute of the foreign objects and their effects on the performance of the intake cannot be evaluated; therefore, few numerical simulation methods have been developed to consider both the intake performance and the foreign object exclusion. Nevertheless, a considerable amount of relative studies on foreign objects and the intake of turboprop aircraft were carried out in the past decades.
The studies on foreign objects were focused on hail ice or bird impacts on the body and the compressor blade. Render [8] presented a program of work to develop an understanding of hailstone impact characteristics, and he found that the approach angle of the hailstones had a significant effect on the distribution of ice following the impact. Tang et al. [9] proposed a three-dimensional digital image correlation method to measure the deformation field of the aluminum alloy plate under hailstone impact. Kim et al. [10] presented a description of experimental investigations, numerical simulations, and the formulation of a method for predicting hail ice impact damage initiation, and in this method, he first built the hail model with DYNA3D code. Lavoie et al. [11] developed the meshless SPH numerical method to model bird and hail impact, and without the involved mesh distortion problems in traditional FEM-based modeling methods, the new model can be more efficient. The team of Li [12] - [14] from Northwestern Polytechnical University of China systematically studied the hail and bird impact on the aircraft and engine. They built an advanced bird impact test platform and developed corresponding simulation software to deeply analyze the parameter sensitivity during the impact process. Moreover, the bird impact protection measures were also presented according to the numerical and experimental results.
The studies on the intake of turboprop engines are currently concerned with the simulation or experimental method to reveal the fluid characteristics and optimize the design scheme. In 2013, Ruizcalavera et al. [15] tested a model of a high-offset turboprop intake with a rotating propeller from the airbus military A400M in a high speed wind tunnel, and the results showed the strong coupling of aerodynamic interferers between the propeller and the intake. Lieber et al. [16] presented predictions of transmission loss for two concepts for the attenuation of broadband noise propagating through the inlet of a turboprop engine by using the ACTRAN/TM acoustic analysis software. The first test mainly focused on the conventional inlet duct, while the second concept consisted of a novel dual inlet with turning diffusing ducts, and the predicted results showed that the transmission loss of the second concept was lower than that of the first one at the same frequencies. Atalayer et al. [17] simulated the performance of an isolated, uninstalled S-duct of a high power turboprop with unconventional integration types to determine the geometric design limitations and trade-offs on the intake. Based on the full application of a sensitivity analysis and design methods, the effects of fundamental geometric features, such as the intake aspect ratio, duct lengths and spread angle, were deeply investigated in the study. The conclusion showed that a preference for longer S-ducts with shorter front and end ducts were observed to be more efficient on the total pressure recovery capacities.
In summary, no specialized work has been done to date on the performance simulation and foreign objects evaluation of the intake with the bypass duct of the turboprop engine. The present study in this paper mainly focuses on the problems mentioned previously. We chose one of the most common foreign objects, the rigid foreign objects, as our research objects, and built their specific models by deriving an understanding based on the current references and airworthiness standards. The rigid foreign objects include two spherical sands with different diameters and a strip of metal. By using the high-fidelity CFD technique, a new method for calculating both the intake performance and the foreign objects' exclusions is developed, in which the impacts among the foreign objects and the wall of the intake are given major consideration by using the single dynamic mesh deformation method.
II. COMPUTATIONAL MODELS A. THE TURBOPROP ENGINE INTAKE WITH A BYPASS DUCT
Located at the end of the turboprop engine intake, the bypass duct is normally a curved channel open into the free space, and the main purpose of this duct is to exclude the large foreign objects inhaled in the engine to protect the safety of the aircraft [18] , [19] . The new concept of engine intake with a bypass duct was first developed by the De Haviland Company which was purchased by Canada's Bombardier Aerospace in 1986. They designed an intake with a chamber shaped bypass duct to reduce the total pressure loss and improve the exclusion probability of foreign objects (Fig. 1) . The basic ideas of this intake is to eliminate the direct sight line between the inlet underlip and the cross section of the compressor inlet; then, a large vortex will be generated in the chamber to move the foreign objects into the bypass duct, and additionally, a circulation flow will also be formed when the flow in the chamber returns to the main stream through the secondary flow section. A bending section located at the outlet of the diffuser is separated into two parts, and the air in the upper part flows into the main engine through an arc curving section, while the other part connects to the chamber with an inlet section. The curving degree of the arc bending panel directly relates to the eccentricity of the outlet of the intake, that is, whether the distance can meet the requirement of eliminating the direct sight line between the intake lip and the compressor inlet section. Moreover, the arc curving section is also acting as a spiral-plate to divide the main and secondary flow paths, whose shape and location will heavily affect the flow characteristics in the main path, and the total pressure coefficient, total pressure distribution, and ability to exclude the foreign objects are closely related to the arc curing panel. There is a vortex capturing device at the bottom and on each side of the bending section outlet, and the aim is essentially to generate stable vortices to reduce the sudden expansion loss when the air flows into the chamber and to keep the stability of the airflow. The functions of the chamber are manifested mainly in two aspects. (1) The foreign objects that enter into the engine intake can be swallowed and retained in the chamber, and a bypass duct door at the end of the chamber can be used to exclude the stacked foreign objects. ( 2) The airflow in the chamber can be extracted to cool the fuel-oil radiator. The secondary flow section consists of the outer wall of the diffuser and the inner face of the chamber, which is a path to lead the air in the chamber to the main flow. The secondary flow in this section will be accelerated to mix with the main flow from the arc curving surface located at the outlet of the diffuser to the bell-shaped inlet of the compressor inlet section. The roles of the secondary section in the new intake system mainly comprise two points.
(1) A large vortex flow can be inducted. (2) As the effect of the secondary flow, the main flow turning with a large angle is allowed with less loss or flow separation. The new form of the turboprop engine intake with the bypass duct was first applied in the DHC-8 aircraft (Fig. 2) , which demonstrates excellent performances on both the aerodynamics and foreign objects exclusion. In addition to the intake with a chamber-shaped bypass duct, another intake with a pipe-shaped bypass duct has also been used in some concepts. Fig. 3 shows the symmetrical sections of the two intakes. Compared to the chamber-shaped bypass duct, the pipe-shaped bypass duct has a smaller inlet and thus a lower ability to exclude the foreign objects. A standing door at the end of the duct opens to the free space, which will lead to additional exhaust resistance. For this form of intake, the air to cool the fuel-oil radiator cannot be directly extracted from the duct and a special small inlet must be installed below the main intake to enable the capability. However, the pipe-shaped bypass duct is a simple structure and easy to design with less additional devices, and the flow quantity in the whole intake is stable due to the smooth connection with the small inlet of the bypass duct; therefore, this form of turboprop intake has also attracted considerable interest. In this paper, an intake with a pipe-shaped bypass duct is used to analyze and testify to the numerical method. The basic configuration is shown in Fig. 4 . The bypass duct locates at the end of the intake and its outlet directly opens to the external atmosphere. The inlet area of this intake is 0.16 m 2 , and the maximum swallowing size of foreign objects of the fitted engine is 0.20 m×0.11 m×0.01 m, which means the foreign objects over the dimensional limit must be excluded from the bypass duct.
B. RIGID FOREIGN OBJECTS
According to the statistics [20] , the aircraft can meet a wide range of foreign objects in taking off and landing processes, such as broken stones, crushed ice, fragments of aircraft components, low-flying birds, and hail ices. In 2000, Air France Flight 4590 took off from Paris to New York, and after reaching takeoff speed, the tire of the number 2 wheel was cut by a metal trip lying on the runway, which had fallen from the thrust reverser cowl door of the number 3 engine of a Continental Airlines DC-10 that had taken off from the same runway five minutes previously. The subsequent fire and engine failure caused the aircraft to crash into a hotel, killing more than 100 persons [21] . The turboprop aircraft should be used in more complicated environments than the airliners, and it has been linked with an increased type and risk of the foreign objects. In this paper, we mainly focus on the rigid foreign object, which is one of the most common foreign objects for the turboprop aircrafts.
1) TYPES
Currently, there are no clear rules on the rigid foreign object types for the turboprop aircraft during its real flight, but we can still finish this work by considering the in-service environment and related airworthiness standards [22] of the turboprop aircraft. The general objects previously counted include sand, small grains in the runway, metal components of the aircraft and others, among which the effect of sand can be ignored because of its small volume, and we choose the small grains and metal pieces to build and analyze the simulations.
2) DIMENSIONS
The grains in the runway can be considered as regular spherical objects, while the metal pieces exhibit a great variety of shapes. According to the statistics, the metal objects collected from the runways in varying shapes and sizes mainly consist of tire valve cores, irons, screws and nuts. For simplicity, we consistently regard the metal objects as cuboid forms. The maximum swallowing dimensions and volume of the intake in this paper are 0.20 m×0.11 m×0.01 m and 0.00022 m 3 , respectively, and the equivalent spherical radius is r = 0.037 m. To have a comprehensive evaluation of this intake, we choose two spherical grains with radius r 1 = r = 0.037 m, r 2 = 1.5r = 0.0555 m, and one metal piece with a size of 0.20 m×0.11 m×0.01 m, to further develop the following analysis.
3) MASSES AND INERTIAS
The density of grain is 2700 kg/m 3 , while the aluminum metal object is 2800 kg/m 3 ; then we can obtain the mass and inertia data of the rigid foreign objects for the turboprop aircraft, which is shown in Table. 1. 
4) INITIAL STATES
Most foreign objects flying into the intake during the takeoff and landing process of the turboprop aircraft are caused by the tire extrusion on its inside and outsider surfaces [23] . Given the low speed of the turboprop aircraft in the takeoff and landing process, the incident velocity of the foreign objects is relatively small. When the foreign objects move near the entrance of the intake, they will be additionally affected by the inner flow of the engine, and the additional velocity components are different with the different shapes and sizes of the foreign objects. That is, the total velocity of the foreign object is superposed by the initial and flow-added values. This paper only focuses on the simulation method analysis of rigid foreign objects in the turboprop engine intake, so we can use the aircraft speed to unify the absolute initial speed of the foreign object without considering its angular velocity.
The two spherical grains are initially placed at the center of the intake entrance, and the angles between the velocity direction and the horizontal surface are both 30 degrees (Fig. 5a) . The metal object is also located at the center of the intake with the same angle of 30 degrees as the grains. To simulate the real movement, the metal object is initially set a 30-degree attitude angle (Fig. 5b) .
III. NUMERICAL METHOD
Motivated by the initial speed and internal flow, the foreign objects will move into the inner part of the engine or exclude to the free space through the bypass duct when they enter into the intake. This process exhibits highly unsteady characteristics, and it is necessary to use a reasonable and effective method for evaluation.
A. CFD SOLVER
The flow solver used for this study is the Fluent code that solves the unsteady, three-dimensional and compressible Euler equations in an inertial reference frame, and the governing equation is defined as
where V is the control volume, W is the conservative variable, F is the inviscid vector term, ∂V is the boundary of the control volume, and n is the outer normal vector of the boundary.
B. SIX DEGREES OF FREEDOM DYNAMIC MESH TECHNIQUE
The translation and rotation may couple with each other when the foreign objects enter into the intake with six degrees of freedom. We use the unstructured dynamic mesh model in Fluent code to simulate this process, and a UDF is developed to calculate the trajectory of the foreign objects [24] . The objects' forces and moments are applied to compute the translational and angular motion of the center of gravity of an object. The governing equation for the translational motion of the center of gravity is solved for in the inertial coordinate system:˙
where˙ v G is the translational motion of the center of gravity, m is the mass, and f G is the force vector due to the gravity. The angular motion of the foreign object,˙ ω B , is computed using body coordinates:
where L is the inertia tensor, M B is the moment vector of the body, and ω B is the rigid body angular velocity vector. The moments are transformed from inertial to body coordinates using
where R represents the transformation matrix which contains the Euler angles' change during motion.
C. C SIMULATION ON RIGID FOREIGN OBJECTS IMPACT WITH CFD TECHNIQUE
In addition to the coupling motion of translation and rotation, a significant phenomenon of the foreign objects that should be noted is the impact on the inner wall of the intake with the effects of the initial attitude, gravity and airflow. It is obvious that the impact between the wall and the foreign objects related to both the aerodynamics and impact dynamics should be simulated with the coupling of these two areas. The CFD code is used to compute the dynamic motions in the airflow, while the impact dynamic tool is employed to simulate the impact, and then this process is repeated until the foreign objects exclude to the free space or enter into the inner part of the engine. Because of the high cost in the coupling simulation, this method is not practical in engineering design.
If the inner surface of the intake is supposed to have sufficient strength and rigidity to ensure the impact without occurrences of cracking or deformation, as well as the rigid foreign objects, then the impact between the objects and inner wall of the intake can be simplified as a perfect elastic collision without energy loss. The process can be directly simulated by using the single CFD technique with less cost, which greatly facilitates engineering applications, particularly in the initial design stage of the turboprop aircraft. The first step of the simulation on impact between the rigid foreign objects and the inner wall with the CFD method is to judge the occurrences in the collision. Generally, the impact means the objects come into contact with each other, as shown in Fig. 6 ; however, this cannot be realized in Fluent with dynamic mesh. A direct contact of two objects in the remeshing process will generate negative volumes of computational grids and then lead to calculating termination. We use a distance threshold δs to solve this problem, and then the impact can be automatically identified once the distance between the inner wall and object is very slight and the final value is smaller than δs, as shown in Fig. 6 . For the spherical objects, only the distance d between the sphere center and the grid centers of the intake wall is used as shown in Fig. 7 . If the distance continues to decrease such that it is finally smaller than r + δs, the impact can be judged to have occurred. For the regular hexahedron foreign objects, the impact can be determined by using the smallest distance d min between the gird points in their boundary lines and the grid centers of the intake wall, as seen in Fig. 8 . The most complicated cases are the foreign objects with irregular shapes, as shown in Fig. 9 ; here, the code must traverse all the surface grids of the objects and calculate the distances between the grid centers of the objects and the inner wall, then compare the smaller value d min to δs, where a smaller decreasing d min compared to δs indicates the impact. The judgment of impact for irregular foreign objects is the most time-costly method, as well as a universal way to satisfy all the cases. The rigid foreign objects used in this study are the spherical grains and regular hexahedron metal pieces, so only the first two methods are used to judge the impact in the calculation.
The basic theory to simulate the impact between the foreign object and intake wall with the single CFD technique is the law of energy conservation. Compared to the various foreign objects, the intake of the turboprop can be regarded as an object with an infinite quality and zero speed, and thus the impact will have no effect on the intake. For the rigid foreign objects, they will move forward with the same speed value and in the reverse symmetrical direction relative to the normal panel of the intake before the impact. Meanwhile, the angular momentum conservation law indicates that the possible angular velocity also stays the same as before if it is generated with the impact. This process is shown in Fig. 8 .
IV. CALCULATION RESULTS

A. NUMERICAL METHOD VALIDATION ON SIMULATING THE COMMON INTAKE CHARACTERISTICS
The intake performance of the typical turboprop engine nacelles is calculated to test the numerical method in this study. Since this work does not focus on investigating the grid resolution or the turbulence modeling requirements for making accurate predictions, a fine computational unstructured grid with a refinement zone around the intake system shown in Fig. 9 has been generated by ANSYS ICEM CFD, and the final grid contains more than 3 million cells. Fig. 10 shows the surface mesh of the nacelles. The Mach number in the test condition is 0.2. The outer surfaces of the calculation zone are set to the pressure of the far field boundaries, while the outlet of the intake is set to the pressure outlet boundary and the other surfaces of the nacelles are set to no-slip walls. The experiments of this model are conducted in the low speed wind tunnel at Nanhang University. In this work, we only use one case with the pressure of 90527 Pa in the outlet of the intake to validate the numerical method. The calculation result of the mass flow in the outlet is 12.72 kg/s, and a calculation error of 2.15% is obtained and compared to the experimental data value of 13.0 kg/s, which indicates that the Euler simulation can still obtain an accurate result for the intake. Fig. 11 shows the total pressure contours in different sections located at the inlet pipe, inner and bypass ducts, among which the heart-shaped section between the inlet pipe and the main duct of the engine attracts the most attention in the design of the engine, and we call it the characteristic section. Fig. 12 shows the total pressure distribution on the section. As the air needs to cross the section and guide vanes to flow into the compressor, the intake performance of the engine is heavily affected by the section; thus, two parameters, the total pressure recovery coefficient and the total pressure distortion rate, are extracted to analyze the detailed performance of the intake. The total pressure recovery coefficient is defined as
where P 1 and P 0 are the mass flow averaged total pressures of the characteristic section and the free flow, respectively.
The total pressure distortion rate is calculated bȳ D = (P 1,max − P 1,min )/P 1,max (6) where P 1,max and P 1,min are the maximum and minimum total pressure on the characteristic section, respectively. The calculation results of the total pressure recovery coefficient and the total pressure distortion rate are σ = 0.9913 andD = 0.0194, while the experimental data are σ = 0.994 andD = 0.018, respectively. The computed results show good agreement with experimental measurements, and the Euler method is demonstrated to be effective for the intake performance simulation.
B. EXCLUSION OF THE SPHERICAL GRAIN
Using the unstructured remeshing technique to describe the motions of the rigid foreign objects and the same Euler solver to calculate the flow fields, the exclusion and effect on the intake performance of the two grains with different radii have been simulated. The calculations are performed with the same conditions as the previous case. First, the steady state should be calculated, with which the unsteady cases are established by setting the distance threshold δs to 0.007 m and releasing the objects to move with the action of their initial states and the airflow. When the distances between the grains and the inner intake wall are decreasing and finally smaller than 0.044 m and 0.0625 m, the impacts occur and the rebounded speeds can be obtained by using the theory of perfect elastic collisions. Fig. 13 shows the steady flow field characteristics with grains located in the entrance of the intake. Shaded by the spherical grains, both the amount and quantity of the air near the entrance of the intake are changing, which further affect the performance of the whole intake system. Table 2 summarizes the steady state results with and without grains at the entrance of the intake. Compared to the ideal case without foreign objects, the total pressure recovery coefficient and the mass flow of the case with the small grain (r =0.037 m) decrease 0.112% and 0.08%, while the distortion rate increases 3.36%; similarly, for the large grain with a radius of 0.0555 m, these data are 0.65%, 0.47% and 35.36%, respectively. The results indicate that the spherical grains have less effect on the total pressure recovery coefficient and the mass flow, but the local changes on the characteristics lead to significant flow heterogeneities and then the intake performances are reduced.
The exclusion results of the two spherical grains with unsteady calculations are shown in Fig. 14 -15 . Without consideration of the initial angular velocity, the grains only translate into the intake and the forces and moments for the grains are symmetrical during the whole motion. Therefore, no rotating or lateral velocities are added to the grains and the two grains keep translating in the process. Fig. 15 shows that several impacts occur for the two grains with the joint action of the aerodynamic force and their initial velocities. The spherical grain with a radius of 0.037 m experiences five impacts with the inner wall and finally enters into the bypass duct, which will be excluded after several more impacts in the bypass duct. More than six impacts occur on the grain with a radius of 0.0555 m because of its larger mass and dimensions, and finally, it continues to move toward the inner part of the engine and can be determined to have entered into the compressor. The detailed impact information of the two grains is presented in Table. 3, which indicates that, in such a situation with rigid grains, the bypass duct can only exclude the small object.
The larger mass and dimension of the spherical grain with a radius of 0.0555 m leads to a heavy shade on the airflow in the intake, which also causes a wider fluctuation than the small grains, as shown in Fig. 16 . When the grain moves to the middle of the intake, the mass flow is most severely affected and the change can range approximately 4.1%. Similarly, the larger grain also causes a greater change on the total pressure recovery coefficient on the characteristic section, and the maximum loss can be 2%. By comparison, the most affected parameter for the intake performance is the total pressure distortion rate on the characteristic section, which represents the local uniform degree of the flow field and is closely related to the flow disturbances by the foreign objects. Fig. 16 (c) shows that the larger grain introduces a more obvious effect on the total pressure distortion rate with two peaks. The first one happens when the grain locates at the entrance of the intake, and the distortion rate increases 116% compared to the ideal case, which is mainly caused by the total pressure change as the local nonuniform flow spreads in the subsonic flow field. The second peak with a distortion rate increase of 80% occurs at the end of the exclusion process, and this time the grain is moving toward the inner pipe of the engine. The less the distance between the grain and the characteristic section, the greater is the influence on the local flow field. The effect of the grain with a radius of 0.037 m to the flow field is much smaller than the larger one and the distortion rate changes relatively moderately during the motion. When the small grain enters into the bypass duct, the parameter is almost the same as that of the ideal case.
The simulation of the grain moving in the intake indicates that spherical objects with different sizes and masses have different effects on the turboprop intake performance, and the reason is mainly because of the shadow interference to the subsonic flow field. The grain has greater influences on the total pressure distortion rate than on the other two parameters, the total pressure recovery coefficient and the mass flow, which demonstrates that the distortion rate's reflection of the uniform degree of the local flow field is more sensitive to the interference. In this study, the grain with a radius of 0.0555 m is 1.5 times larger than the foreign objects with tolerance sizes, and it is not excluded from the bypass duct but sucked into the inner pipe of the engine, which indicates the inadequate capacity of the turboprop engine's intake regarding the exclusion of rigid spherical grains.
C. EXCLUSION OF THE REGULAR HEXAHEDRON METAL PIECE
The hexahedron aluminum object has a larger projected area on the entrance surface of the intake than the previous grains, which will cause a more serious occlusion problem for the airflow. Table 4 presents the steady results under the conditions with and without the metal object. By comparison with the ideal case, when the hexahedron aluminum locates at the entrance of the intake, the total pressure recovery coefficient and mass flow decreases 1.08% and 0.86%, respectively, while the total pressure distortion rate increases 39%. The flow field computed in Fig. 17 indicates that a local contraction flow tube forms between the aluminum and the bottom wall to make more air flow to the lower part of the intake, then local low separation occurs and the intake performance is heavily affected.
Based on the steady state results, the initial speed, mass and inertia properties are set, and the unsteady motion of the regular hexahedron aluminum metal piece in the intake can be simulated with the 6DOF dynamic mesh technique. The distance threshold δs is set to 0.007 m, that is, if the minimum distance between the grid centers of the object and the inner wall of the intake is smaller than δs, the impact can be judged to have occurred. Fig. 18 shows the trajectory of the aluminum object. Since the characteristics of the flow field, the configuration of the object, and the initial state are symmetric to the longitudinal plane of the nacelles, no lateral motion occurs on the object even with the action of the internal flow in the intake. However, unlike the previous simulations, the local flow and forces on the lee side of the object lead to rotations during the exclusion process, especially in the local y-axis direction. Several impacts between the aluminum object and the inner wall of the intake occurred in the simulation, as shown in Table 5 and Fig. 19 . After four impacts, the object finally enters into the bypass duct, which will keep impacting and moving in the duct until it is excluded to the outer space of the intake. Fig. 20 lists the dynamic results of the intake performance. Compared to the ideal case, the maximum reduction of the mass flow and the total pressure recovery coefficient on the characteristic section can achieve 2.3% and 1.54%, respectively, while the maximum increment of the total pressure distortion rate reaches to 518%. When these conditions occur the intake performance suffers significant deterioration and will not even be usable. The main reason is that the aluminum object happens to move to a nearby area of the section shown in Fig. 21 ; the flow separation on the lee side of the object further affects the flow quantity on the section, and the distortion rate increases severely at the same time.
The simulation result of the aluminum object indicates that the thin hexahedron rigid foreign object may contribute to much more effects on the flow field of the intake.
The translation coupled with the rotation due to the aerodynamic forces may lead to a more complicated interference to the intake performance. The dimension of the aluminum object is chosen to be the same as the tolerance size of the engine, and it finally enters into the bypass duct, which shows VOLUME 7, 2019 that, in this condition, the bypass duct used in the study has the ability to exclude the regular hexahedron aluminum object. 
V. CONCLUSION
This paper investigates the performance evaluation of a new form of intake system with a bypass duct for the turboprop engine, which is mainly used to exclude the large foreign objects and to maintain the high efficiency of the intake. Common rigid foreign objects are chosen to present the cases in the study. Based on the airworthiness standards and reference reports, two kinds of rigid foreign objects, namely, the grains and metal pieces are determined as candidates for modeling their geometrical properties, masses, inertias, initial speeds and attitudes. By using the high-fidelity CFD technique and the 6DOF dynamic mesh method, possible impact occurrences can be directly simulated based on the theory of perfect elastic collisions, and a numerical method considering the rigid foreign object's exclusion is developed with the single CFD technique. A practical used intake system of a turboprop aircraft is employed to test the numerical method and the motion trajectories, impacts, exclusions and interferences on the intake of the rigid foreign objects are finally analyzed.
The thin metal object with a regular hexahedron shape will lead to complicated motions that are coupled with translation and rotation due to the serious occlusion to the airflow, and the flow field characteristic is severely affected, especially for the total pressure distortion representing the uniform degree of the local flow field. This object should be excluded as soon as possible; moreover, the bypass duct in this study is capable of accomplishing this. The spherical grains move in a relatively stable manner once they enter into the intake. However, the grains with larger dimensions can still reduce the intake performance; therefore, they should also be excluded from the bypass duct. It is unfortunate that the small grain with a radius of 0.037 m enters into the bypass duct, while the larger one of r 2 =0.0555 m continues to move into the inner part of the engine.
The numerical method is suitable for simulating the cases in which the rigid foreign objects enter and move in the intake without any structural damage from possible impacts. Importantly, such occurrences represent an ideal situation.
The actual phenomenon of the foreign objects exclusion can be more complicated, especially for the irregular hard foreign objects, from which damage to the structure of the intake can easily occur, and thus the local flow field can be more extensively affected by both the objects and structure pieces. This complicated process should be simulated with the combination of computational fluid dynamics and computational impact mechanics (fully coupled Lagrangian particle method), as well as with experiments in a wind tunnel or in real flight. Additionally, the viscous effect of flow flied in the dynamic process has not been considered, which may be also affect the exclusion result of these foreign objects. Thus, more deep analysis should be further developed for considering the foreign object exclusion in the intake of a turboprop engine. However, the single CFD simulating method in this study can provide a good reference strategy to the researchers working in the initial design stage of the new intake system since it affords high efficiency and conveniences.
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